The assessment of potential for building damage due to ground displacements caused by tunnelling is a global issue being faced by engineers. There is a two-way interaction between tunnelling and existing buildings; tunnel construction affects a building by inducing displacements in the soil underlying its foundation, and buildings influence tunnelling induced displacements via their weight and stiffness. Numerical analyses are widely used to investigate tunnelling and its impact on structures, however numerically predicted ground displacements are generally wider and shallower than those observed in practice. This paper presents a two-stage mixed empirical-numerical technique to estimate the effect of building stiffness on ground displacements due to tunnelling. In the first stage, greenfield soil displacements are applied to the soil model and the nodal reaction forces are recorded. In the second stage, the effect of tunnelling on a structure is evaluated by applying the recorded nodal reactions to an undeformed mesh. Results from conventional * Corresponding author Email address: twana.k.haji@gmail.com (Twana Kamal Haji )
Introduction
Figure 1: Transverse geometry of the interaction problem and deflection ratio parameters (1997) 
where ε h is maximum horizontal strain and the subscripts c and t denote 99 compressive and tensile, respectively. The greenfield values relate to that 100 portion of the greenfield settlement curve lying beneath the building. by shell elements (rather than an actual 3D building). They suggested the 106 following expressions for calculating bending and axial modification factors:
where ρ * mod is the modified relative bending stiffness, α * mod is the modified 
113
Goh and Mair (2011) and Mair (2013) also proposed definitions of relative 114 bending stiffness and design charts which were independent of tunnel-building 115 eccentricity (whereas the previously adopted methods varied with eccentricity).
116
Their methodology separates the building into sagging and hogging zones 117 and estimates the relative bending stiffness independently for each part. This 
Mixed empirical-numerical approach (mixed E-N)
To address the issues related to poor prediction of tunnelling induced 126 settlement trough shape using numerical methods, yet still take advantage of 127 the capabilities of numerical modelling for soil-structure interaction analysis, semi empirical method to investigate tunnelling effects on buried pipelines.
135
The method of Selby (1999) and Klar and Marshall (2008) Figure 2a , the targeted part of the soil is located 
219
For the conventional numerical analysis, the soil was modelled as an elasto- for Fraction E sand (Tan, 1990) . The dilation angle of very dense sand can 
261
The properties were selected so that they include low, medium and high 262 stiffness structures. The displacement controlled method described by Cheng et al. at the surface in the greenfield situation matched that of V ls,surf in Table 2 .
263

281
This was done to ensure a fair comparison of numerical results with those 282 from the mixed E-N since the most important zone is at the surface where 283 the tunnel-building interaction takes place.
Mixed E-N model
285
In the mixed E-N analyses, a soil model of the same dimensions as the 286 conventional numerical model was used. The analyses, summarised in Table 2,   287 were based on centrifuge experiment data. The input of the tunnelling 288 induced greenfield displacements to the mixed E-N model was obtained using 3.94% were considered; these result in the soil volume losses (V ls,surf ) at the 294 ground surface shown in Table 2 . The considered soil relative density was 
Effect of base layer thickness
328 Figure 6 shows the effect of base layer thickness on the mixed E-N results
329
for different building cases (Table 1) increasing its resistance to vertical displacements.
375
The interaction between vertical and horizontal displacements of both 376 the soil and the structure is illustrated in Figures 7a and b There is a significant difference between the case where both displacement building is flexible (i.e. beam thickness is small; Figure 7c) and increases as the relative bending stiffness increases.
440
The results in Figure 8a indicate that ground displacements due to tun- 
474
Note that the effects of horizontal displacements on building deformations and 30 m (where most of the building is affected by greenfield displacements).
517
The portion of the 60 m building outside the displacement zone provides with the increase in relative axial stiffness factor.
564
To help understand the different axial responses from the two methods,
565
it is important to note that the greenfield soil is in compression horizontally analysis than the mixed E-N method (Figure 12a, b) . In the mixed E-N 572 method, peak horizontal displacements are closer to the tunnel centreline and 573 the structure is subjected to both tensile and compressive forces from the soil.
574
This produces values of M ht (tension) from the mixed E-N method that are 575 greater than zero for the considered configurations (Figure 12c, d) . Therefore, the solution has limited applicability.
was extended based on a wider set of centrifuge data, including the effects of cover to diameter ratio, C/D t , and soil relative density, I d . Because the ground movement distribution may be narrower or wider than the elastic deformation pattern, depending on C/D t and I d , the expression for the corrective term ζ was modified with two additional coefficients (c 5 and c 6 ) to allow for more adaptable curve-fitting. Furthermore, to improve the curvefitting of horizontal movements, two different corrective terms, ζ v and ζ h , displayed in Equation 8, were implemented in the vertical and horizontal direction, respectively. The adopted coefficients are listed in Table 3 . 
